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Introduction
Copper-containing aluminum alloys such as 2024 alloy are often used in aerospace applications; thus, there is significant interest in their corrosion behaviour in aerated solutions. These materials are high-strength alloys in which a heterogeneous microstructure is developed by thermomechanical processing to obtain good mechanical properties. In such alloys, copper is present in the matrix as well as in various fine strengthening phases and coarse intermetallic particles. For instance, 2024 alloy is characterized by a mean copper content of the matrix of about 4 wt.% (a quasi pure aluminum matrix containing about 0.02 wt.% Cu and strengthening copper-rich particles) and coarse intermetallic particles with high Cu concentrations [1, 2] . Due to the high influence of copper on the oxidation and electrochemical behaviour of copper-containing aluminum alloys [3, 4] , it is interesting to study in details models of the pure Al and Cu phases as well as the binary AlCu phases.
Models for the theoretical treatment of crystalline solids and surfaces were reviewed by Batra and Kleinman [5] and more recently by Jug and Bredow [6] . The authors classified the models as finite systems and periodic approaches. We are interested by the former ones. In the cluster model, it is assumed that a surface can be represented adequately by a finite number of atoms; the main difficulty arising from this approach is the border effects. Two ways were developed, i.e. saturation and embedding, in order to avoid this problem. Another solution is to use cluster large enough to get reasonable models of the surface. This method allows obtaining a concrete description of the electronic density localization as well as the eventual charges transfers by using atomic orbitals. On the other hand, the periodic approach often by using a plane waves basis set allows to have a better description of the band structure of the infinite systems.
Our goal is to study the electronic properties of copper containing aluminum alloys and their reactivity with oxygen. More precisely, the possible dissociative chemisorption of molecular oxygen is studied. Indeed, it was previously shown that a molecular physisorbed state exists on the Al(1 1 1) surface [7, 8] . But it was also demonstrated experimentally [5, 9, 10] and theoretically [5, 7, 8, 11 ] that molecular oxygen dissociates on Al surfaces almost spontaneously. The chemisorption of the O atoms is thus commonly considered as the initial step of the oxidation process of the Al surface [7, [11] [12] [13] .
Copper and aluminum containing systems were the purpose of many theoretical studies in the literature. Without being complete, we focus our literature review here on that dealing with Cu and Al pure-and bimetallic systems in the framework of the density functional theory (DFT).
Pure copper clusters were investigated in order to determine size effects on their geometrical structure and electronic properties [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The size of the studied clusters varies between 2 and 13 Cu atoms with one work dealing with larger cluster up to 32 atoms [27] . Copper clusters were also widely used to model the Cu surface and its reactivity against atomic or molecular species [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Periodic studies dealing with the surface and the bulk of the metallic systems were also described [21, [38] [39] [40] [41] . Furthermore, the same approach was used to investigate the adsorption of atomic and molecular oxygen [30, [42] [43] [44] [45] [46] [47] .
Aluminum clusters were also the purpose of many works where the authors focused on the geometrical and electronic properties of Al n clusters [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . Periodic calculations on aluminum systems, i.e. aluminum atomic chains, bulk metal and the infinite surface, are also available [61] [62] [63] [64] [65] . The initial stage of oxidation of the (1 1 1) surface of aluminum was also studied. Early experimental and theoretical studies were discussed by Batra and Kleinman [5] . This exhaustive review was followed by several works on the adsorption and dissociation of the oxygen molecule and the stability of aluminum oxide films [7, 8, [11] [12] [13] 66] .
Doped copper clusters were also the purpose of much work with studies on NiCu [67] , PdCu [68] [69] [70] , RhCu [71] , PtCu [72] , CoCu [73] [74] [75] and AuCu [76] [69, 70] . Dealing with periodic systems, Ruban et al. presented a database of the surface segregation energies in transition metal alloys including copper alloys, derived from LDA-DFT computations in conjunction with a tight-binding representation [77] . Slab DFT calculations are also available for the PdCu, PtCu and FeCu systems with various compositions [78] [79] [80] [81] [82] [83] [84] .
There are few studies on doped aluminum systems [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] . For example, calculations were carried out on Fe n Al m (n + m = 15) clusters [85] or on (FeAl) n (n 6 6) clusters [86] .
Copper doped aluminum clusters were studied by Khanna et al. [95] and Zope and Baruah [96] who looked for their equilibrium geometries. We also found several studies whose aim is to model the Al and AlCu surfaces using both cluster-like approach and slab computations. For instance, the adsorption of copper atoms on two Al 25 and Al 37 frozen clusters modelling the Al(100) surface was investigated and an adsorption energy of 3.52 eV was calculated. The authors also conclude that there is no clear indication of a charge transfer mechanism for the bonding as they did not see any charge transfer between the substrate and the adsorbate [97] .
Others authors claimed that the adsorption of a copper atom can restore the reactivity of the oxidized Al surface, modelled by a two-layer Al 18 cluster [98] . Periodic LDA computations were performed by Wolverton et al. who calculated the energetic properties of the Al 2 Cu h and h 0 phases and incorporated them in computational thermodynamics approaches [99, 100] .
The present work is aimed at studying the properties and the reactivity of Cu doped Al clusters in relation to the reactivity of AlCu alloys. In order to simulate the metal and the infinite surface, we first present studies on frozen Cu n , Al n and Al 30 Cu clusters. These preliminary computations are benchmarks in order to determine the dependence of some properties of the bimetallic systems due to the Al substitution by Cu. In a second part, we investigate the reactivity of the pure and bimetallic AlCu systems with atomic oxygen. Firstly, the adsorption is done on frozen Al 31 , Cu 31 and Al 30 Cu clusters. It is related to our goal to simulate the O adsorption on a (1 1 1) surface of an fcc structure. Secondly, we take into account the local cluster relaxation when O is adsorbed on its surface. To our knowledge, no previous study has been reported on that subject. The relative adsorption energies of O and charge distributions on the systems are compared and discussed.
Computational details
The calculations were performed in the framework of the density functional theory using the GAUSSIAN98 package [101] . In this study, the exchange part of the functional is treated with the Becke's three parameters functional (B3) [102] . The correlation part is described by the Perdew and Wang (PW91) GGA functional [103] . The so-called B3PW91 has proved to be suitable to describe such kind of systems [19, 20] . Los Alamos National Laboratory effective core potentials as well as a DZ atomic basis sets are used for Al and Cu, treating explicitly 3 and 19 electrons, respectively [104] [105] [106] . The O atom is treated with the D95 full DZ basis set.
Broken-symmetry calculations were performed in order to take into account the spin polarization and the results presented here concern the systems in their more stable spin state (three spin states were explored for each system).
The clusters are built along the (1 1 1) plane and kept frozen (Cu-Cu bond length = 2.555 Å and Al-Al bond length = 2.857 Å [107] ). For the pure Cu n systems, we use two-layers (Cu 4 , Cu 9 , Cu 10 , Cu 25 ) and three-layers (Cu 10 , Cu 13, Cu 31 ) clusters. The Al n systems are also described by two-layers (Al 4 , Al 9 , Al 10 , Al 25 ) and three-layers (Al 13 and Al 31 ) clusters. The clusters with n = 4-25 are presented in Fig. 1 while the clusters with n = 31 are shown in Fig. 2 . The Al 31 cluster is taken as the reference to study the Al 30 Cu systems in which a copper atom substitutes an aluminum one in two different position successively (Fig. 2) . In position no. 1, the copper atom is situated in the surface layer whereas it is surrounded by 12 neighbours when placed in position no. 2.
The atomization energy per atom of a pure M n cluster (M = Cu and Al) containing n atoms is defined by
while the M-M binding energy is given by
where N is the number of M-M bonds in the cluster. We can also extrapolate from the M-M binding energy in the cluster an estimation of the bulk cohesive energy, as
For the bimetallic Al 30 Cu systems, the atomization energy is defined as E atomization ¼ 30EðAlÞ þ EðCuÞ À EðAl 30 CuÞ and the copper extraction energy is
For all the systems, the work function / is determined from the Fermi energy as described in Ref. [108] . From the discrete distribution of the energy levels for the clusters, we plot the density of state (DOS) using the GaussSum package [109] . The O atom is adsorbed on the surface in pure or mixed threefold sites on the Cu 31 , Al 31 and Al 30 Cu clusters (see Fig. 3 ). The O atom is placed either above the threefold (A) or threefold (B) sites. The former one has no atom on the z-axis in the second layer while the latter does. We first perform computations with the metal cluster kept frozen. The vertical O-metal distance above the surface varies to optimize the O-Al and O-Cu bonds. Secondly, we take into account the local relaxation of the cluster with O adsorption: the O atom and its metallic nearest neighbours are allowed to relax.
In both case, we determined the O binding energy:
Results and discussion
We begin this article with a discussion on the change of the electronic properties of the pure Cu n and Al n clusters with cluster size. It is followed by the study of the bimetallic systems and their reactivity against oxygen.
Pure Cu n and Al n clusters
The structure of the Cu n and Al n (n = 4-31) clusters are shown in Figs. 1 and 2 . The results concerning the Cu n clusters in their most stable spin state are given in Table 1 . The total energy is given together with the calculated atomization energy per atom, the Cu-Cu binding energy and the work function determinated from the Fermi energy. The most stable spin states of Cu n are doublet states when n is odd (except for the Cu 31 cluster) and triplet states when n is even. The atomization energy per atom ranges from 1.03 to 2.15 eV increasing with the size n of the cluster. The convergence to the bulk value (3.50 eV [107] ) is slow and comparable to that of the number of bonds per atom (see Table 1 ). The optimized cluster structures from the literature are very different in shape than the frozen cluster used in this work. Nevertheless the atomization energy per atom of copper calculated for the optimized or nonoptimized clusters are not so different [15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . We also plot for comparison the atomization energy per atom and the cohesive energy estimated for the bulk from the averaged Cu-Cu binding energy (Fig. 4) . The latter decreases rapidly to the experimental value of 3.50 eV for the bulk metal. The value of 3.84 eV calculated from the Cu-Cu binding energy of the largest Cu 31 cluster compares well with the cohesive energy determined from periodic computations, i.e. 3.89 eV (PW91 [39] ) or 3.74 eV (FLAPW/PBE [41] ).
While the ionization potential of the clusters (calculated as 5.54 eV for the largest Cu 31 cluster) strongly overestimates the experimental value of the work function for an infinite surface, the calculated work function of 4.54 eV for the largest cluster compares well with the experimental value of 4.65 eV [107] . The reasonable simulation of the properties of the infinite surface by a frozen Cu(1 1 1) cluster is also related to the experimental and theoretical evidences that the Cu(1 1 1) surface does not reconstruct [39, 40] or weakly reconstruct [41, and Ref. therein] .
Finally, we looked at the electronic configuration of the copper atoms inside the cluster, by means of a Mulliken Table 1 Energetic properties (absolute energy in ua, atomization energy per atom and Cu-Cu binding energy in eV) and calculated work function / of the Cu n clusters at the B3PW91 level ), while the 3d orbital occupation remains nearly constant.
The results concerning the Al n (n = 4-31) pure clusters are presented in Table 2 . The first difficulty with aluminum arises with the description of the lowest electronic state of the isolated atom for which the electronic configuration is (3s 2 3p 1 ). It corresponds to two different electronic states 1/2 P 1/2 and 1/2 P 3/2 and thus each of them is described by a multireferential wave function. Nevertheless, the energy gap between the 1/2 P 1/2 and 1/2 P 3/2 electronic states is only 0.014 eV [110] and we can expect that the monodeterminantal character of the DFT wave function (which is a mixing between both ''true'' electronic states) leads to an available electronic energy. In Table 2 and in Fig. 5 , we can see for the same reasons as in the case of the Cu n clusters that the atomization energy per atom increases slowly to the experimental counterpart of 3.34 eV [107] . The equilibrium geometries of optimized clusters are different in shape than our frozen systems. But the confrontation between the values of the atomization energy per atom of our frozen systems and that calculated with optimized clusters [53] shows comparable results. The cohesive energy estimated from the Al-Al binding energy of the largest Al 31 cluster (0.62 eV) is of 3.72 eV. It is in better agreement with experiments and the value of the cohesive energy of 3.50 eV determined from GGA periodic computations [7, 8] . The work function converges slowly to the experimental work function of 4.24 eV for an infinite aluminum surface [107] . It is a better estimation that the crude determination of the ionization potential (5.65 eV for the Al 31 three-layer cluster).
From these results, the largest cluster Cu 31 and Al 31 are assumed to describe reasonably the electronic properties of the metal. Their reactivity upon adsorption will be investigated in the next sections.
Clean bimetallic Al 30 Cu systems
We used the Al 30 Cu clusters to simulate the true alloy [4] in order to reduce border effects that could influence the adsorption process on smaller clusters. The shape of the cluster was chosen to present A and B threefold adsorption sites (see Fig. 3 ). As the position of the copper in the Al matrix may be a key factor to the surface reactivity, we substituted successively one Al atom by a Cu atom in two different positions (nos. 1 and 2 on Fig. 2) , leading to two different Al 30 Cu clusters. The Cu atom is located in the surface layer for one cluster (Cu position no. 1), and it is inside the cluster with 12 Al-Cu bonds in the second one (Cu position no. 2). The results of our calculations are given in Table 3 . They show that the total atomization energy of the Al 30 Cu systems is higher than that of the Al 31 cluster (DE atomization = 0.31 eV and 1.18 eV). The Al 30 Cu clusters are more stable than the Al 31 cluster. Furthermore, the cluster where the Cu atom is surrounded by 12 Al neighbours is the most stable system: the extraction energy is of 2.99 eV and of 3.79 eV for Cu in position 1 and 2, respectively. This behaviour is in agreement with previous results that were about optimized small Al n Cu (n = 11-14) clusters [95, 96] . The weak variation of the calculated work function with the Cu substitution indicates that the availability of electrons which participate in first to charge transfer in reactivity process remains nearly unchanged. By a Mulliken population analysis, we determined that the electronic transfer arises from the Al host to the Cu atom in the two bimetallic clusters. This is simply explained by comparing the IP of Cu (7.72 eV at B3PW91/LANL2DZ level of theory) with the energy of the LUMO (4.03 to 4.25 eV) of the Al 30 clusters having the same structure as the Al 30 Cu systems but with the Cu atom lacking.
We define the relative net charge Dq X/Al of an atom X (X = Cu and Al) with an atomic net charge q X as: Dq X/Al = q X (X = Cu and Al in Al 30 Cu) À q Al (same position in Al 31 ).
For the Al 30 Cu system, the relative net charge of Cu in position no. 1 is of À0.73 e. This result shows a charge transfer mechanism for the bonding that was not seen in others studies [97, 98] . From the relative global net charge of the different layers in the clusters DQ layer , we see that the electronic transfer comes from the adjacent layer in the cluster to the Cu atom. The Al-Al bonds are thus weaker in the bimetallic systems than in the Al 31 pure cluster. When the Cu atom substitutes the Al atom in position no. 2, resulting to a cluster where the Cu atom is surrounded by 12 Al atoms, we note a redistribution of the electrons within the cluster but the net charge of the central atom (no. 2) remains unchanged.
We plot the electronic density of states (DOS) for the Al 31 and Al 30 Cu systems. The full width at half maximum (FWHM) of each peak is here of 0.7. For the Cu atom (doublet/B3PW91), the p-, d-and s-states lie at À75.14, À6.65 and À5.18 eV, respectively. In the Fig. 6 are shown the alpha and beta DOS for the Al 31 pure cluster and for the more stable Al 30 Cu system. In this figure, the three levels lying at around À77 eV for each system are not drawn. They correspond to pure Cu p-orbitals. The DOS profiles show that the doping slightly modifies the MO energy levels in comparison to the Al 31 cluster. The DOS curve for the Al 30 Cu system is similar to the Al 31 cluster with extra peaks at around 9 eV. The Mulliken population analysis describes these levels as a combination of Al-s and Cu-s,d orbitals.
Atomic oxygen adsorption on the Al 31 , Cu 31 and Al 30 Cu clusters
We chose to use cluster models as it was demonstrated in the past that adsorption and reactions on pure metal and alloys surfaces can be reasonably modelled using a cluster-like approach, especially at very low coverage [69] [70] [71] . The modification of the reactivity with O when compared to that of the Al pure cluster is described in terms of the adsorption properties (chemisorption energy, distances O-Cu and O-Al) and electronic transfers. The O atom is adsorbed on the surface of the Al 31, Cu 31 and Al 30 Cu systems (Fig. 3) . For the Al 31 cluster, we investigated A and B adsorption sites. For the Al 30 Cu cluster with Cu in the surface (position no. 1), the O atom was adsorbed in a mixed (Al/Cu) A site and in a mixed (Al/Cu) B site. For the Al 30 Cu (Cu position no. 2) system, we chose the B adsorption site. It is composed of solely Al atoms in the first layer with the Cu atom in the second layer. Firstly, [7, 8, 11, 12, 66] . However, the O-Al distance of 1.860 ± 0.005 Å compares well with the O-Al distances determined in these studies and that are in the range of 1.85-1.90 Å [7, 8, 11, 12, 66] . These previous periodic computations where performed without constraints. The authors noted that the relaxation of the Al surface layer upon O adsorption can be neglected and lower weakly the O binding energy (À10 to 14 meV) [7, 11] . As expected, our DFT results are higher than the O binding energy found using HF approaches to describe O/Al n interactions (E B = 3.5 eV [111] 31 . Thus, the presence of the copper atom in the adsorption site lowers the O chemisorption energy independently of the position of the Cu atom (position nos. 1 or 2). On Al 30 Cu, the A adsorption site is also favoured over the B one. The change in the adsorption energies are in agreement with the change of the distance O-X (X = Al of the adsorption site) of 1.894 and 1.865 Å , respectively, to be compared to 1.855 Å on Al 31 .
From the Mulliken population analysis, we see a large electronic transfer from the Al 31 cluster to the O atom (q O = À1.00 e). This transfer is lowered when the adsorbate is directly coordinated to the copper atom (q O = À0.83 e [30, 42, 43] .
We also estimate the local relaxation in the case of O adsorption on the metallic clusters. The results are presented in Table 5 Fig. 2 . b Dq X = q X (in O-cluster) À q X (corresponding atom in the clean cluster). X = Cu, Al; q: atomic Mulliken net charges. 31 . In all case, the A adsorption site is still more stable than the B site. The Al atoms and the Cu atom behave differently as we estimate the vertical displacement Dz/z i of +16 to +25% for Al and from À6.8% to 8.9% for Cu, where z i is the (1 1 1) interlayer distance. On the other hand, the electronic transfers remain nearly unchanged.
Conclusion
We performed density functional computations on Cu n , Al n (n up to 31 atoms) and two bimetallic Al 30 Cu clusters. The calculated work functions and M-M (M = Cu, Al) bond energies of the largest clusters are comparable with experimental data.
For the bimetallic systems, we can conclude that the substitution of an Al atom by a Cu one stabilizes the system as the atomization energy of the 31-atoms cluster increases of 0.31 eV when the substitution is done on the surface and of 1.18 eV when it is done inside the cluster. Comparing Al 31 and Al 30 Cu, we note that the electron transfer proceeds from the Al cluster to the Cu atom. Moreover, the DOS of the Al 31 Al 30 Cu systems are compared. Finally the reactivity of the Al 31 , Cu 31, and Al 30 Cu clusters with atomic oxygen is investigated. We studied successively frozen and locally relaxed clusters. We note that in all case the A adsorption site is favoured over the B site, in agreement with previous theoretical works. The O adsorption energies increase significantly when the cluster is allowed to relax (+0.16 to +0.80 eV). Independently of the relaxation effects, the substitution of an Al atom by a Cu atom leads to a weakening of the O-cluster binding energy.
